Introduction
For many years arene ruthenium complexes play important role in organometallic chemistry. The increasing interest in the chemistry of half-sandwich ruthenium(II) complexes with different ligands, mainly N-, N,O-, and P-donors, originates from numerous application of the complexes. The organometallic ruthenium(II) complexes are used in the catalytic systems for a variety organic transformations [1] [2] [3] . Even small changes in the coordination environment around the ruthenium can play a key role in altering the redox properties of the complexes, and thus complexation of ruthenium by various ligands is very interesting and has been widely studied [4] [5] [6] . Ruthenium(II)-arene complexes display a three-legged piano-stool structure in which the metal center is octahedral and the arene ligand occupied three coordination sites. This structural feature opens the possibility to introduce in the molecule different types of ligands, and the syntheses and structural properties of the halfsandwich ruthenium(II) complexes are widely studied, especially with N,(N,O)-donors [7] [8] [9] [10] [11] [12] . Furthermore, the g 6 -arene ruthenium complexes are increasingly investigated due to their cytotoxicity [13, 14] . The complexes with ''piano-stool'' geometry with chloride and N-donor ligands often possess good aqueous solubility combined with satisfactory lipophilicity needed to cross the cell membrane. In addition, the arene ligands stabilize the ruthenium ?2 oxidation state, which makes the corresponding complexes kinetically more labile when compared to those of ruthenium(III). Furthermore, the hydrogen bonding and p-stacking are important in mechanisms of biological activity and the complexes are able to present these interactions [15] [16] [17] . The benzimidazole and benzoxazole ligands are interesting due to their biological activity and the derivatives used as ligands in this work are a good representative of these derivatives. In addition, the structural and spectral characterizations of new half-sandwich ruthenium(II) complexes containing N(N,O)-donors are of great importance.
Here is presented synthesis, crystal, molecular, and electronic structures, and spectroscopy characterization of four g 6 -p-cymene ruthenium(II) complexes with 2-(2-aminophenyl)-1H-benzimidazole (BImPhNH; C 13 H 11 N 3 ), 2-aminobenzimidazole (BImNH; C 7 H 7 N 3 ), 2-aminobenzothiazole (BTzNH; C 7 H 6 N 2 S), and 2-(2-hydroxyphenyl)benzoxazole (HBO; C 13 H 9 NO 2 ) ligands. The complexes are synthesized as chloride derivatives and the luminescence properties were examined. The experimental studies on the complexes have been completed theoretical calculations by the density functional theory (DFT). Currently, DFT is commonly used to examine the electronic structure of transition metal complexes. It meets with the requirements of being accurate, easy to use and fast enough to render studies of relatively large molecules of transition metal complexes possible. DFT and timedependent density functional theory (TD-DFT) calculations were performed to establish nature of the orbitals involved in transition processes and to correlate the structural parameters with the spectroscopic properties of the complexes. The calculated density of states showed the interactions between N(O,S)-heteroaromatic compounds with ruthenium(II) and allow to compare the strength of the ligands. Thus, the studies of electronic structures of complexes are an important area of chemistry. The basic researches reported in this article combine interest in ruthenium complexes and half-sandwich coordination compounds with N(O)-donors [18] [19] [20] [21] [22] [23] .
Experimental
All the reagents were commercially available and were used without further purification.
Synthesis of the complexes
A mixture of [(p-cymene)RuCl 2 ] 2 (0.31 g; 5 9 10 -4 mol) and 2-(2-aminophenyl)-1H-benzimidazole (BImPhNH), 2-aminobenzimidazole (BImNH), 2-aminobenzothiazole (BTzNH), and 2-(2-hydroxyphenyl)benzoxazole (HBO) (1 9 10 -3 mol) in methanol (50 cm -3 ) was refluxed for 2 h, cooled and filtered. Crystals suitable for X-ray crystal analysis were obtained by slow evaporation of the filtrate. 
Physical measurements
Infrared spectra were recorded on a Perkin Elmer FT-IR spectrophotometer in the spectral range 4000-450 cm -1 using KBr pellets. Electronic spectra were measured on a Lab Alliance UV-Vis 8500 spectrophotometer in the range of 600-180 nm in methanol solution.
1 H-NMR spectra were obtained at room temperature in CDCl 3 using a Bruker 400 spectrometer. Luminescence measurements were made in methanol solutions on an F-2500 FL spectrophotometer at room temperature.
DFT calculations
The calculations were carried out using the Gaussian09 [24] program. The DFT/B3LYP [25, 26] method was used for the geometry optimization and electronic structure determination, and electronic spectra were calculated by the TD-DFT [27] method with the use of B3LYP and CAM-B3LYP functional [28] . The calculations were performed using the DZVP basis set [29] with f functions with exponents 1.94722036 and 0.748930908 on ruthenium, and polarization functions for all other atoms: 6-31g(2d,p)-chlorine, 6-31g**-carbon, nitrogen, sulfur, and 6-31g-hydrogen. The Polarizable Continuum Model (PCM) solvent model was used in the Gaussian calculations with methanol as the solvent. The theoretical values of the isotropic shieldings were obtained by means of computational Gauge-Independent Atomic Orbital (GIAO)/ B3LYP/6-311G** routes. GaussSum 2.2 [30] was used to calculate group contributions to the molecular orbitals and to prepare the partial density of states (PDOS) and overlap population density of states (OPDOS) spectra. The contribution of a group to a molecular orbital was calculated using Mulliken population analysis. The PDOS and OPDOS spectra were created by convoluting the molecular orbital information with Gaussian curves of unit height and FWHM of 0.3 eV. Mayer bond orders were calculated with use of QMForge program [31] .
The bonding interactions between the p-cymene rings and heteroaromatic ligands with ruthenium complex fragments have been analyzed by means of the energy decomposition analysis implemented in ADF package, which is based on the EDA method of Morokuma and the extended transition state (ETS) partitioning scheme developed by Ziegler and Rauk. The overall bond energy DE can be determined from interaction energy (DE int ) and the fragment preparation energy DE prep , the instantaneous DE int between the two fragments can be divided into three main components:
DE elstat is the electrostatic component, calculated by superposition of the unperturbed fragment densities of the molecular geometry, corresponding to the classical electrostatic effects due to the attractive and repulsive forces; DE Pauli represents the repulsive interactions between the fragments because two electrons with the same spin cannot occupy the same region in the space; and DE orb is the stabilizing orbital interaction term. The calculations were performed using the Amsterdam Density Functional (ADF 2008.01) program [32] with use of the generalized gradient approximation (GGA) method with non-local exchange and correlation corrections within the PW91 functional proposed by Perdew-Wang [33, 34] . The basis sets had triple f quality augmented with a single set of polarization functions (f for the metals, d for the main group elements, and p for hydrogen) (TZP). The core electrons were left unfrozen in all the calculations. The calculations were performed on the geometries optimized in Gaussian.
Crystal structures determination and refinement
, and [(p-cymene)RuCl(HBO)] (4) were mounted in turn on an Xcalibur, Atlas, Gemini ultra Oxford Diffraction automatic diffractometer equipped with a CCD detector, and used for data collection. X-ray intensity data were collected with graphite monochromated Mo K a radiation (k = 0.71073 Å ) at temperature 295.0(2) K, with x scan mode. Ewald sphere reflections were collected up to 2h = 50.10°. The unit cell parameters were determined from least-squares refinement of the setting angles of 4946, 2823, 19067, and 3681 strongest reflections. Details concerning crystal data and refinement are gathered in Table 1 . During the data reduction, the decay correction coefficients were taken into account. Lorentz, polarization, and numerical absorption corrections were applied. The structures were solved by the direct method. All the non-hydrogen atoms were refined anisotropically using full-matrix, least-squares technique on F 2 . The Olex2 [35] and SHEL-XS97, SHELXL97 [36] programs were used for all the calculations. Atomic scattering factors were those incorporated in the computer programs.
Results and discussion
The half-sandwich complexes were obtained by the reaction of [(p-cymene)RuCl 2 ] 2 with 2-(2-aminophenyl)-1H-benzimidazole (BImPhNH), 2-aminobenzimidazole (BImNH), 2-aminobenzothiazole (BTzNH), and 2-(2-hydroxyphenyl) benzoxazole (HBO) in methanol solutions. The 2-aminophenyl-and 2-hydroxyphenyl-ligands coordinate as bidentate ligands and the 2-aminobenzimidazole, 2-aminobenzothiazole are monodentate ones.
In the IR spectrum of the complexes the ring C=C and C=N stretching modes of the ligands are present at the wavenumber range from 1623 to 1560 cm -1 . The stretching modes of the NH 2 are observed at 3436 (1, 2), 3363 cm -1 (3) and above 1600 cm -1 . The methyl groups of p-cymene ligands C-H bend modes have maxim close to 1150 cm -1 . The twist modes of aryl C-H are close to 870 cm -1 . In the 1 H-NMR spectra of the complexes, the protons of p-cymene present set of signals characteristic for the ligand given in ''Experimental'' section. The NH 2 protons of the ligands appear at 9.14 ppm in (1), 6.18 ppm in (2), and 5.50 ppm in (3). The imidazole NH protons gave signals at 14.61 and 9.27 ppm for complexes (1) and (2), respectively. In addition, the signals of ligands protons have been assigned to the corresponding protons which are consistent with the numbering introduced for the molecular structures presented in Fig. 1 . These assignments were based on NMR spectra calculated in the GIAO method at the B3LYP functional level of theory.
Crystal structures
The complexes (1) and (4) crystallize in the monoclinic space groups P2 1 /c, P2 1 /n and the complexes (2) and (3) in orthorhombic Pna2 1 and P2 1 2 1 2 1 space groups, respectively. The molecular structures of the complexes are shown in Fig. 1 . Selected bond lengths and angles are listed in Table 2 . The complexes adopt a distorted piano-stool type of Struct Chem (2012) 23:461-472 463 structure with the ruthenium atom p-bonded to the p-cymene ring with an average Ru-C distance of 2.2 Å , while the distances between the ruthenium atom and the centroid of the p-cymene ring fall in the 1.679 Å (1)-1.660 Å (3) range similar to those observed for p-cymene ruthenium complexes. The ruthenium atom is also directly coordinated to both nitrogen atoms of the BImPhNH ligand, one imidazole and thiazole nitrogen atom of BImNH and BTzNH ligands and nitrogen and oxygen donor atoms of 2-(2-hydroxyphenyl)benzoxazole with a normal distance. The Ru-Cl bonds length are also normal and comparable with other ruthenium(II) half-sandwich complexes. The angles between the nitrogen heteroaromatic ligands and chlorine ligands in the complexes are close to those observed in the ruthenium(II) arene compounds. In the structures of the complexes (1), (2) and (3), inter-and intramolecular weak hydrogen bonds exist and these are [37, 38] collected in Table 3 . In the crystal structure of complex (4) no classical hydrogen bonds are presented but the short contacts between chloride, p-cymene, and benzoxazole ligands assemble a two-dimensional network shown in the Fig. 2 .
Geometry and electronic structure
To gain insight into the electronic structures and bonding properties of these complexes, DFT calculations were carried out. Before the calculations of electronic structures of the complexes, their geometries were optimized in singlet states using the B3LYP functional. From the data collected in Table 2 , one may see that the bond lengths are maximally elongated by *0.1 Ǻ in the calculated gas phase structures, while the change of bond angles do not outrun 8°. Figure 3 shows that the calculated and experimental IR spectra of complexes (3) and (4) are in good agreement. The formal charge of ruthenium is ?2 in all complexes. In the complex (4) the same charge of ruthenium central Final R indices R 1 = 0.0315 (1), (3), (4) and 0.47 for complex (2) . In general, the bonding between ruthenium and imidazole or benzoxazole derivatives ligand have predominant Coulomb character in contrast to the effects of chloride ligands and especially p-cymene rings which are covalent. Figure 4a shows OPDOS diagram for cationic complex (1) and one may see that the p-accepting interaction between p-cymene ligand and ruthenium is very strong. Figure 5 shows density of states (DOS) diagrams for complexes (1), (2), and (4). The DOS plot mainly presents the composition of the fragment orbitals contributing to the molecular orbitals. As one can see from (3), and (4). In these molecular orbitals, chloride and heteroaromatic ligands play a significant role. As one (2) The bonding between benzene and ruthenium is formed by the two p orbitals of e 1g symmetry (p 2 and p 3 ) and the empty d orbitals of the metal atom (donation from benzene to ruthenium). The resulting bonding orbitals are HOMO-12 and HOMO-15, the antibonding are LUMO and LUMO?1. In the back donation (metal to ligand) the occupied d x 2 Ày 2 and d xz metal orbitals and empty p 4 *, p 5 * benzene orbitals participate (HOMO-2, HOMO, and LUMO?2, LUMO?4). To get an insight into the Ru-p-cymene bonds, an energy decomposition analysis has been carried out. In Table 4 are listed the result of energy decomposition analysis calculated for the complexes in methanol solvents. The repulsive interactions are dominated in the binding of arene rings with ruthenium central ions. On the other hand, the electrostatic contribution plays a role and has a stabilizing influence. In addition, the DE elstat is slightly higher than the orbital interaction in the all complexes and the percentage contribution of the electrostatic interaction to the total attraction vary in the range of 61% in complexes (3) and (4) to 54% in complex (1) . The data confirm the covalent character of the bonding interaction between ruthenium and p-cymene ring. However, when the heteroaromatic ligands are considered as fragments, the electrostatic interaction is the leading stabilization energy except the complex (4) in which DE Orb plays dominant role. It drives the bonding interaction of the occupied MOs of HBO ligand with the d orbitals of the For these complexes, the nature of the transitions observed in the UV-Vis spectra have been studied by the time-dependent density functional (TD-DFT) method based on the optimized geometries, in gas phase without any symmetry restrictions, in the singlet states. The PCM solvent model was used in the Gaussian calculations with methanol as the solvent. The experimental spectrum of complex (4) with the calculated transitions is presented in Fig. 6 . The electronic transitions were calculated with use B3LYP and CAM-B3LYP functional. Nevertheless, the calculations with CAM-B3LYP functional showed worse results as one can see from data collected in Table 5 . The assignments of the calculated transitions to the experimental bands are based on the criteria of energy and oscillator strength of the calculated transitions. In the description of the electronic transitions, only the main components of the molecular orbitals are taken into consideration.
The experimental bands in the range 470-313 nm are assigned to the transitions between the frontier HOMO and LUMO molecular orbitals. As the highest occupied and lowest virtual molecular orbitals are composed of the The emission characteristics of the complexes have been examined in the methanol solutions (with concentration of 5 9 10 -4 mol/dm 3 ) at room temperature. The excitations were executed at wavelengths corresponding to maxima of d ? d character electronic absorptions, i.e., at 420 nm for (1) and (2), and 470, 460 nm for (3) and (4), respectively. The emission spectra present in Fig. 7 . The fluorescence maxima are at 490, 484, 550, and 565 nm with shoulders at wavelengths shifted about 40 nm toward higher energy. As one can see from the figure, the strongest emission was detected for complex (4) . It is associated with a substantial share of HBO ligand and d Ru orbitals in frontier Homo and Lumo orbitals. Moreover, the interaction between 2-(2-hydroxyphenyl)benzoxazole and ruthenium(II) has the most covalent character among the studied complexes. Taking into account the contributions of ligand orbitals in MOs the emission originating from the lowest energy metal to ligand charge transfer (MLCT) state, derived from the excitation involving a d p ? p ligand * transition are observed. The complicated structure of the luminescence spectra suggest that more than one state is involved in luminescence processes [20] .
Conclusion
From the simple reactions between [(p-cymene)RuCl 2 ] 2 and 2-(2-aminophenyl)-1H-benzimidazole (BImPhNH), 2-aminobenzimidazole (BImNH), 2-aminobenzothiazole (BTzNH), 2-(2-hydroxyphenyl)benzoxazole (HBO) ligands in methanol solutions, four new half-sandwich ruthenium(II) complexes were obtained. Except the cationic complex (1) (with BImPhNH) the others are neutral. The molecular structures of the complexes were determined by X-ray crystallography, and the spectroscopic properties were studied. Electronic structures of the studied complexes were calculated using DFT method, and apart from the descriptions of frontier molecular orbitals the bonding properties in the complexes were determined. Based on calculated stabilizations energies, the values of the interaction between ruthenium(II) ions and heteroaromatic ligands and the energy decomposition analysis indicated the HBO was strong ligand. The differences in acceptor properties of the ligands were shown in the values of ligand field parameters determined from electronic spectra of the complexes.
Analyses of the bonding properties in the complexes show strong covalent character of the interaction between ruthenium and p-cymene ring. In the binding of arene rings with ruthenium(II) the repulsive Pauli interactions are dominated, however, the electrostatic contribution plays a role and has a stabilizing influence. Moreover, the DE elstat is slightly higher than the orbital interaction in the all complexes. On the other hand, when the heteroaromatic ligands are considered as fragments, the electrostatic interaction is the leading stabilization energy except the complex (4) in which DE orb plays dominant role. It drives the bonding interaction of the occupied MOs of HBO ligand with the d orbitals of the ruthenium atom and confirms strong donor properties of HBO ligand. In addition, the DE Pauli energies are smaller than that in the p-cymene fragments.
The electronic spectra of the complexes were calculated with use of TD-DFT method using the B3LYP functional The emission properties of the complexes were examined. The emissions originating from the lowest energy MLCT state, derived from the excitation involving a d p ? p ligand * transition were observed. This assignment was supported by the analysis of the frontier orbitals of the corresponding complexes, showing a partial contribution from the ligands. In addition, the complicated structure of the luminescence spectra suggest that more than one state is involved in luminescence processes. 
